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24 ABSTRACT 

25 Coronavirus spike (S) glycoproteins mediate receptor binding, membrane fusion, 

26 and virus entry and determine host range. Murine betacoronavirus (P-CoV) in group A 

27 uses the N-terminal domain (NTD) of S protein to bind to its receptor, whereas 

28 (3-CoVs SARS-CoV in group B and MERS-CoV in group C, respectively, and several 

29 a-CoVs use the downstream C-domain in their S proteins to recognize their receptor 

30 proteins. To identify the receptor-binding domain in the spike of human |3-CoV HKU1 

31 in group A, we generated and mapped a panel of monoclonal antibodies (mAbs) to the 

32 ectodomain of HKU1 spike. They did not cross-react with S proteins of any other 

33 CoV tested. Most of the HKU1 spike mAbs recognized epitopes in the C-domain, 

34 between amino acids 535 to 673 , indicating that this region is immunodominant. Two 

35 of the mAbs blocked HKU1 virus infection of primary human tracheal-bronchial 

36 epithelial (HTBE) cells. Pre-incubation of E1TBE cells with a truncated HKU1 S 

37 protein that includes the C-domain blocked infection with HKU1 virus, but 

38 pre-incubation of cells with truncated S protein containing only the NTD did not 

39 block infection. These data suggest that the receptor-binding domain (RBD) of E1KU1 

40 spike protein is located in the C-domain, where the spike proteins of a-CoVs and 

41 P-CoVs in groups B and C bind to their specific receptor proteins. Thus, two P-CoVs 

42 in group A, E1KU1 and murine CoV, have evolved to use different regions of their 

43 spike glycoproteins to recognize their respective receptor proteins. 

44 

45 
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47 IMPORTANCE 

48 Mouse hepatitis virus, a [3-CoV in group A, uses the galectin-like NTD in its 

49 spike protein to bind its receptor protein, while HCoV-OC43, another )3-CoV in group 

50 A, uses the NTD to bind to its sialic acid containing receptor. In marked contrast, the 

51 NTD of the spike glycoprotein of human respiratory (3-CoV HKU1, which is also in 

52 group A, does not bind sugar. In this study, we showed that for the spike protein of 

53 HKU 1, the purified C-domain, downstream of the NTD, could block HKU 1 virus 

54 infection of human respiratory epithelial cells, and that several monoclonal antibodies 

55 that mapped to the C-domain neutralized virus infectivity. Thus the receptor-binding 

56 domain of HKU 1 spike glycoprotein is located in the C-domain. Surprisingly, two 

57 (3-CoVs in group A, MHV and HKU1, have evolved to use different regions of their 

58 spike glycoproteins to recognize their respective receptors. 

59 
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60 INTRODUCTION 

61 Coronaviruses (CoVs) primarily cause respiratory and enteric diseases in humans, 

62 animals and birds, and some CoVs also cause systemic diseases including hepatitis or 

63 neurological diseases (1). Since the 2002-3 epidemic of Severe Acute Respiratory 

64 Syndrome (SARS), intensive surveillance of humans and animals has led to the 

65 discovery of numerous other CoVs (2, 3). Phylogenetically, coronaviruses (CoVs) are 

66 now divided into four genera: called a, (3, y, and 5 CoVs (4). Currently there are six 

67 CoVs known to infect humans: two a-CoVs, 229E and NL63; two (3-CoVs in group 

68 A, OC43 and HKU1; one (3-CoV in group B, SARS-CoV; and one (3-CoV in group C, 

69 Middle East respiratory syndrome coronavirus (MERS-CoV) that is currently causing 

70 an epidemic with a ~30% fatality rate (5-12). While the first four of these human 

71 CoVs circulate only in humans and predominately cause mild respiratory diseases, 

72 SARS-CoV and MERS-CoV are zoonoses associated with episodically emerging 

73 epidemics of severe respiratory infection, including pneumonia, the acute respiratory 

74 distress syndrome (ARDS), and death in about 10% to 30% of cases, respectively (12, 

75 13). 

76 The large spikes on the envelope of CoV virions consist of trimers of the 

77 ~200kDa spike (S) glycoprotein that bind to host-specific receptors, mediate virus 

78 entry, tissue tropism and host range, and can affect virus virulence. S protein is the 

79 target for CoV neutralizing antibodies and is an essential component of CoV vaccines 

80 and vaccine candidates. CoV S proteins are class I viral fusion proteins, like influenza 

81 HA, HIV Env, Ebola G, and paramyxovirus F glycoproteins (14). CoV S proteins 
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82 contain two subunits, called S1 and S2, which are separated by a protease-sensitive 

83 amino acid sequence. SI determines the specificity of receptor binding, while S2 

84 mediates membrane fusion and virus entry. Specific host membrane proteins have 

85 been identified as receptors for the SI domains of various a- and |3-CoVs, and 

86 host-specific differences in a particular CoV receptor protein can determine the viral 

87 host range (15-25). CoV SI proteins generally contain two important domains. The 

88 first is the N-terminal domain (NTD) that contains the receptor-binding site for 

89 murine (3-CoV MHV in group A (19) and also binds to sialic-acid containing moieties 

90 on host cell membranes for several a-CoVs such as TGEV of swine (26), several 

91 P-CoVs in group A, such as HCoV-OC43 and bovine CoV (27), and avian y-CoV, 

92 infectious bronchitis virus (IBV) (28). The second domain in SI is the C-domain 

93 that lies downstream of the NTD and contains a variety of receptor-binding motifs 

94 that recognize host-specific determinants of aminopeptidase N (APN), angiotensin 

95 converting enzyme 2 (ACE2), or dipeptidyl peptidase 4 (DPP4) proteins that act as 

96 receptors for different CoVs (29). Identification of the receptor for a CoV and 

97 characterization of the domain of the viral SI protein that binds to specific sites on its 

98 receptor can aid in development of vaccines, elucidate how the CoV may jump from 

99 one host to another, and help to elucidate the complex changes in the spike 

100 glycoproteins during CoV evolution. 

101 Eluman P-CoV EIKU1 virus in group A was first discovered in Elong Kong in 

102 2004 (11), and has subsequently been found in humans world-wide, where it accounts 

103 for about 0.9% (0-4.3%) of acute respiratory infections (30, 31). It is estimated that 
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104 the majority of children have been exposed to HKU1 before age 6 (32). Although 

105 HKU1 infections generally result in mild upper respiratory tract disease, occasionally 

106 HKU 1 can cause severe respiratory diseases including pneumonia in very young 

107 children, the elderly, and immunocompromised patients (33). Biological studies of 

108 HKU 1 were initially challenging because infectious virus could not be readily isolated 

109 from clinical specimens in continuous cell lines. The recent discoveries that HKU 1 

110 can be isolated in primary, differentiated human tracheal bronchial epithelial (HTBE) 

111 cells and human alveolar type II (ATII) cells cultured at an air-liquid interface has 

112 expedited isolation and characterization of this ubiquitous human CoV from human 

113 clinical specimens (34-37). In this study we used our newly generated HKU 1 S 

114 protein specific neutralization antibodies and N-terminal or C-terminal truncated SI 

115 proteins to determine the location of the RBD of the HKU1 S protein. 

116 
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117 MATERIALS AND METHODS 

118 Cell lines. 

119 Vero E6 (African green monkey kidney epithelial cell line), MRC5 ( human 

120 fetal lung fibroblast), HRT18 (human rectal tumor cell line), MDCK (Madin-Darby 

121 canine kidney cell line), and 293T (human embryonic kidney 293 cell line 

122 transformed with SV40 large T antigen) were obtained from ATCC (Manassas, VA). 

123 All of these cell lines were maintained in DMEM with 10% fetal bovine serum (FBS) 

124 and 2% penicillin, streptomycin, and fugizone (PSF) (Life Technologies Inc). The 

125 LLCMK2 cell line, kindly provided by Dr. Lia Van der Hoek (Academic Medical 

126 Center of the University of Amsterdam) was maintained in Opti-MEMl with 10% 

127 FBS and 2% PSF. Primary human tracheal/bronchial epithelial (HTBE) cells were 

128 obtained from LifeLine Cell Technology (Frederick, MD) and cultured and 

129 differentiated as previously reported (35). Briefly, HTBE cells were grown in 

130 BronchiaLife Complete Medium (BronchiaLife Basal Medium with BronchiaLife B/T 

131 LifeFactors, LifeLine Cell Techonology, Frederick, MD) and plated on 12 well 

132 Corning Transwell (collagen-coated permeable, 0.4 pm, St Louis, MO) till confluent, 

133 then switched to differentiation medium as previously described (35). Prior to virus 

134 inoculation, HTBE cell cultures were maintained for 3 weeks in differentiation media 

135 at an air-liquid interface to generate well differentiated, polarized cultures that 

136 resembled in vivo ciliated respiratory epithelium. 

137 Viruses. 

138 Isolation and propagation of HKU1 virus (#21) in HTBE cells have been 

139 described elsewhere (35, 37). Briefly, differentiated HBTE cells at the air/liquid 
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140 interface were inoculated on the apical surface with 150 |iL per insert of each clinical 

141 sample (primary isolate) diluted 1:10 in DMEM containing 1% bovine serum albumin 

142 fraction V (BSA) or with a 1:10 or 1:100 dilution of passage 1 (PI) virus stock 

143 generated from apical washes of primary cultures from HBTE cells harvested at 48 or 

144 72 hours post inoculation. After 4 hr incubation at 34°C, the virus inocula were 

145 removed, and the E1BTE cells were maintained at an air-liquid interface. Amplified 

146 viruses were harvested at 48 or 72 hrs post-inoculation by rinsing apical surface twice 

147 with 150 |iL of DMEM+1% BSA. Eluman coronavirus 229E, NL63, bovine 

148 coronavirus (BCoV) Mebus strain, and mouse hepatitis virus (MHV) A59 were 

149 propagated in MRC5, LLCMK2, E1RT18, and 170.1 cells, respectively. The Urbani 

150 strain of SARS-CoV was kindly provided by Dr. Bellini at the Centers for Disease 

151 Control and Prevention (Atlanta, GA), and was propagated in Vero E6 cells. All work 

152 with infectious SARS-CoV was performed in the Biosafety Level 3 laboratory at the 

153 University of Colorado School of Medicine (Aurora, CO). 

154 Constructs and plasmids 

155 Full length, codon-optimized genotype A HKU1 spike gene preceded by a Kozak 

156 sequence was synthesized by GenScript (Piscataway, NJ) and cloned into pcDNA3.1 

157 (+) (Invitrogen) between Hind III and Xba I sites for eukaryotic expression. To 

158 eliminate a furin cleavage site and minimize cleavage between SI and S2, both 

159 arginine 759 and arginine 760 were mutated with alanine substitutions in the HKU 1 

160 S aa construct. HKU 1 S aa served as template to make a C-terminally truncated 

161 construct, HKUl-S ec to(Fig.4), which expresses the soluble ectodomain (amino acids 

162 1-1283) with a linker (GGGGS) and a C-terminal FLAG tag. A series of deletion 
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163 constructs encoding HKU1 S14-755, S14-673, S14-534, S14-443, S14-294, S295-755, 

164 and S295-673 were amplified using the following primer pairs: S14-755, 

165 Fwd-ATCGCTAGCCGTCATAGGCGACTTCAACTG 

166 Re v-AT CGG AT CCGA ACTT G AACTT GAT GAT GGTG AG; S14-673, 

167 Fwd-ATCGCTAGCCGTCATAGGCGACTTCAACTG, 

168 Rev-ATCGGATCCGATGGAAATATATTGTATGTCTTGTTG; S14-534, Fwd- 

169 ATCGCTAGCCGTCATAGGCGACTTCAACTG, 

170 Rev-ATCGGATCCGATGTTTTGCACTGTATTTCACTAAAG; SI4-443, Fwd- 

171 ATCGCTAGCCGTCATAGGCGACTTCAACTG, Rev- 

172 ATCGG ATC CGA AG AAG A AGG ATT AT AGTT G; SI 4-293, Fwd- 

173 ATCGCTAGCCGTCATAGGCGACTTCAACTG, Rev- 

174 ATCGGATCCGAGCTGCAAGATCTGGGATCGTAG; S295-755, Fwd- 

175 ATCGCTAGCCAAATCCCTCCTTCCCAATACTG, Rev- 

176 ATCGGATCCGAACTTGAACTTGATGATGGTGAG; S310-673, Fwd- 

177 ATCGCTAGCCGTTAAGCCTGTGGCTACGGTG, Rev- 

178 ATCGGATCCGATGGAAATATATTGTATGTCTTGTTG and HKU1 S aa was used 

179 as a template. The PCR products were then inserted between Nhe I and BamH / sites 

180 of pig (a kind gift of Dr. Michael Farzan, Scripps Research Institute, Florida campus), 

181 which provides a CD5 signal peptide before Nhe I and human Fc tag after BamH I 

182 (38). Constructions of plasmids encoding trimeric, plasma membrane-bound SARS 

183 SA19 and MERS SA16 glycoproteins are described elsewhere(39, 40) 

184 Protein expression and purification of HKU 1 spike glycoprotein 
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185 To express the soluble HKU1 - S ec to and truncated HKU1 S glycoproteins, 

186 plasmids (50 pig per T150 flask) were transfected into HEK 293T cells at 70-80% 

187 confluency using polyethylenimine (Polyscience Inc. Warrington, PA). After 16 hours, 

188 cells were washed once and re-fed with 293 serum-free medium (Hyclone, Logan, 

189 UT). Supernatants containing S ec to and truncated S proteins were harvested at 40 hrs 

190 and 64 hrs post-transfection. Soluble S proteins were purified by affinity 

191 chromatography using either an anti-FLAG M2 bead column for HKUl-S ec to> or a 

192 protein-G column for Fc-tagged truncated proteins, and the purified S proteins were 

193 detected by Western blot with either anti-FLAG M2 or anti-Fc antibody. The purity of 

194 each protein preparation was demonstrated by SDS-PAGE followed with Coomassie 

195 staining, and the concentration of each protein was calculated according to the 

196 following equation: protein concentration =(OD value of the protein measured by 

197 Nanodrop at 280 nm) / (protein extinction coefficient) (Coefficient: Sl-Fc, 1.67; 

198 NTD-Fc, 1.62 ; C-domain-Fc, 1.44). 

199 Generation of monoclonal antibodies to HKU 1 - S ec to protein. 

200 Eight to ten week old B ALB/c mice were immunized with 100 (ig of 

201 HKU1-S ect0 protein with 100 (iL of TiterMax gold adjuvant (Sigma-Aldrich, St. 

202 Louis, MO) at days 0, 14, 28, and 42. Injections were alternated between 

203 subcutaneous and intraperitoneal routes, and the final injection was done with HKU 1 - 

204 Secto proteins with PBS instead of adjuvant. Three days after the final boost, mice 

205 were euthanized, spleens were harvested and splenocytes were fused with myeloma 

206 cells to generate hybridomas that were cloned. The supernatant medium of each 
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207 hybridoma clone was screened for the presence of antibody. Antibodies to HKU1 

208 spike protein were detected by ELISA, Western blot, and immunofluorescence assay 

209 (IF A). 

210 Generation of rabbit polyclonal antibodies to HKU1- S ec to protein. 

211 Two rabbits (#1811 and #1814) were prescreened as negative for the presence 

212 of cross-reactive antibodies to the HKU1 spike glycoprotein in their sera, and 

213 immunized with 100 pg of purified HKUl-S ec to protein with Freud’s complete 

214 adjuvant, followed by boosters at day 14, 42, and 56 (Open Biosystems, Huntsville, 

215 AL). Two weeks following the final booster, sera were collected, and total IgG was 

216 purified using a Protein G column. Antibodies to HKU 1 spike protein were detected 

217 by ELISA, Western blot, and IFA. 

218 ELISA 

219 Immulon 2HB plates (Thermo, Rochester, NY) were coated overnight with 0.5 

220 pg per well of goat anti-human IgG. After blocking with 3% BSA, plates were 

221 incubated overnight at 4° C with either purified truncated, Fc-tagged HKU 1 S proteins 

222 or 100 pL of culture supernatants containing truncated, Fc-tagged HKU1 S proteins. 

223 After washing, hybridoma supernatants containing mAbs or purified antibodies 

224 serially diluted in PBS with 3% BSA were added to the wells and incubated at room 

225 temperature (RT) for 1 hr. Unbound mAh was removed by washing, and mAb bound 

226 to the truncated, Fc-tagged S proteins were detected by horseradish 

227 peroxidase-conjugated goat anti-mouse Ig (Jackson ImmunoResearch, West Grove, 

228 PA) diluted 1:1000, and incubated at RT for 1 hr. After washing, 100 pL of 
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229 o-phenylenediamine dihydrochloride (OPD) (Sigma, St Louis, MO) was added to 

230 each well and incubated for 15 min. The reaction was then stopped by addition of 2M 

231 sulfuric acid. The optical density was read on a BioTek Synergy HT plate reader 

232 (BioTek, Winooski, VT) at 492 nm. 

233 Immunofluorescence assay. 

234 The specificity of the mAbs was determined by immunofluorescence (IFA) on 

235 cell cultures that displayed spike proteins of various CoVs on their plasma membranes. 

236 Cells transfected with plasmids encoding the spike glycoproteins of CoVs MF1V, 

237 NL63, SARS, MERS, or HKU1, or cells infected with CoVs: MHV, NL63, SARS, 

238 BCoV, 229E, F1KU1, were washed twice with DMEM or PBS and then fixed in 100% 

239 methanol for 20 minutes at -20°C. As positive controls for expression of the CoV S 

240 proteins on the fixed cells, the following antisera were used. MF1V S protein was 

241 detected with polyclonal goat anti-MFlV S antibody A04 at 1:200 dilution; 229E and 

242 NL63 S proteins were detected with mouse monoclonal anti-NL63 S protein antibody 

243 165 (kind gift from Dr. Donna Ambrusino, MassBiologics, Boston, MA) at 10 |ig/ml; 

244 SARS S protein was detected using rabbit anti-SARS S antibody IMG 636 (Novus, 

245 Littleton, CO) at 1:200 dilution; MERS S protein was detected using mouse 

246 monoclonal anti-FLAG M2 (Sigma, St Louis, MO) at 1:200 dilution; BCoV infection 

247 was detected using mouse monoclonal antibody to MHV nucleocapsid protein (a kind 

248 gift from Dr. J. Liebowitz, Texas A&M College of Medicine, Bryan, TX), at 10 pg/ml; 

249 and HKU1 S protein was detected using rabbit 1814 polyclonal antibody to HKU1 S 

250 protein at a 1:100 dilution. Bound anti-viral antibodies were visualized using the 
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251 following FITC-conjugated secondary antibodies: rabbit anti-goat IgG, goat 

252 anti-mouse IgG, or goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) 

253 at 1:200 dilutions. Immunolabeled cells were imaged using a Zeiss Axioplan 2 or 

254 Nikon Eclipse TE2000-U fluorescence microscope. 

255 Real time PCR 

256 Real time PCR was performed as previously described by Kuyper et al (41) using 

257 RNA ultrasense one step qRT-PCR from Invitrogen with minor modifications (36). 

258 Briefly, viral RNA was extracted from 140 pL of virus-containing apical wash using a 

259 BioRobot from Qiagene, and 10 pL of viral RNA extract was mixed with 10 pL of 

260 master mix containing 0.8 pL of HiO, 1 pL of enzyme, 4 pL of 5x buffer, 0.2 pL of 

261 10 pM probe (ATAATCCCAACCCATRAG), 1 pL of 10 pM primer FI 

262 (TGGTGGC- 

263 TGGGACGATATGT), 2.5 pL of 10 pM each primer mix (F2, TTTATGGTGGTT- 

264 GG A AT A AT ATGTTG; F3, T GGC GGGT GGGAT AAT ATGT; R1, GGCATAGC- 

265 ACGATCACACTTAGG; R2, GGC AAAGC TC T AT C AC ATT T GG; and R3, 

266 GAGGGCATAGCTCTATCACACTTAGG), and 0.5 pL of MgS0 4 . RT-PCR was 

267 performed using Roche Light Cycler 480 with the following conditions: 50°C for 

268 15min, followed by 95°C for 2min, then 45 cycles of 95°C for 15 sec, and 60°C for 30 

269 sec. To calculate the viral genome copy number in the samples, serially diluted 

270 synthetic DNA fragment containing the sequence of 15,348 to 15,442 of HKU1 

271 genome was used as the quantitative standard for real time PCR. 

272 Western blot. 
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273 Spike proteins on virions released into the supernatant media over infected cells 

274 or purified spike proteins were analyzed on 4-15% SDS-acrylamide gels, and 

275 transferred to nitrocellulose membranes. The blot was blocked with 5% non-fat milk 

276 for 1 hr at RT, and proteins were detected directly either with horseradish peroxidase 

277 (HRP)-conjugated goat anti-human IgG (Abeam, Cambridge, MA) at 1:2,500 dilution, 

278 or with supernatant media over hybridomas cloned from mice immunized with HKU1 

279 S protein, followed by HRP-conjugated goat anti-mouse IgG (Jackson 

280 ImmunoResearch, West Grove, PA) at 1:5,000 dilution. The bands detected by 

281 antibodies were visualized with chemiluminescence reagent plus (Perkin-Elmer, 

282 Boston, MA), according to the manufacturer’s instructions. 

283 Virus neutralization assay 

284 To assess the ability of mouse mAbs to HKU1 S to neutralize the infectivity of 

285 HKU1 virus, the mAbs were incubated with a 1:100 dilution of Passage 1 or Passage 

286 3 of HKU1 virus for 30 min at 34°C, and then the virus-antibody mixtures were 

287 inoculated onto the apical surface of differentiated HTBE cells and incubated for 4 hrs 

288 at 34°C. After removal of the virus-antibody mixture, the apical surface of the cells 

289 were washed twice with DMEM+1%BSA to remove unbound virus, followed by a 

290 third wash with 150 pi of DMEM+1%BSA that was collected for RT-PCR analysis as 

291 4hr time point. Cells were again washed once with 150 pL of DMEM+1%BSA at 24 

292 hrs and 48 hrs post-inoculation. Cells were fixed at 48 hrs post inoculation and 

293 assayed for HKU 1 infection by IFA using rabbit 1814 polyclonal anti-HKU 1 S 

294 antibodies. 
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295 Blockade of HKU1 virus entry by pre-incubation with soluble HKU1 S proteins. 

296 Differentiated HTBE cells were incubated with various amounts of soluble, 

297 truncated HKU1 S proteins for 1 hr at 37°C. Passage 1 amplified HKU1 virus was 

298 then diluted into an equal volume of each HKU1 S protein and inoculated onto the 

299 apical surface of HTBE cells. After 4 hrs of incubation at 34“C, the virus-protein 

300 mixture was removed and cells were washed twice with DMEM+1%BSA, followed 

301 by a third wash with 150 pi of DMEM+1%BSA that was collected for RT-PCR 

302 analysis of viral RNA in released virus as the 4hr time point. Cells were again washed 

303 once with 150 pL of DMEM+1%BSA at 24 hrs and 48 hrs post-inoculation, then 

304 fixed at 48 hrs post-inoculation and assayed for infection by immunofluorescence as 

305 described above. 

306 
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307 RESULTS 

308 Characterization of monoclonal antibodies to HKU1 S protein antibodies. 

309 We generated a panel of mouse monoclonal antibodies (mAbs) to purified, soluble 

310 trimeric FLAG-tagged HKU1 -S ec to protein. Six mAbs, called mHKUS-1, mHKUS-2, 

311 mHKUS-3, mHKUS-4, mFlKUS-5, and mHKUS-6, with high affinity to purified 

312 HKU 1-Secto in ELISA, were selected for further study by immunofluorescence assay 

313 (IFA) and Western blot analysis. As shown in Fig. 1A and Table 2, 293T cells 

314 transiently expressing HKU1 S protein and fixed with methanol were strongly 

315 recognized by IFA with mAbs mHKUS-1 and mHKUS-4. In contrast, mHKUS-2, 

316 mHKUS-3, mHKUS-5, and mHKUS-6 bound less strongly to cells expressing S 

317 protein (Fig.lAand Table 1). None of the six selected anti-HKUl-S mAbs 

318 cross-reacted with any of the S proteins from (3-CoVs mouse hepatitis virus (MHV), 

319 bovine coronavirus (BCoV), SARS-CoV, or MERS-CoV, or from human a-CoVs, 

320 229E or NL63 (Table 1). 

321 We next tested whether any of the 6 mAbs could recognize purified, truncated 

322 and denatured HKU 1 S proteins in Western blots. The mHKUS-1 antibody bound 

323 strongly to purified S14-294aa in Western blot, and bound very weakly to S295-755aa, 

324 but consistently slightly above background (Fig. IB). None of the 5 other mAbs 

325 showed any significant level of binding to truncated HKU 1 S proteins or S proteins of 

326 other CoVs in Western blot (Fig. IB and data not shown). 

327 Effects of monoclonal antibodies on virus entry and release. Next we 

328 evaluated whether any of the 6 mAbs to HKU 1 S protein were able to inhibit entry of 

329 HKU1 virus into HTBE cells. As we previously showed (36), human intravenous 
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330 immunoglobulin (Ivlg) at 10 mg/ml effectively neutralized the infectivity of HKU1 

331 virus from a clinical isolate and prevented infection of primary, differentiated HTBE 

332 cells (Fig. 2A and 2B), indicating that pooled human sera contain antibodies that can 

333 neutralize HKU 1. Incubation of HKU 1 virus with hybridoma supernatant containing 

334 mHKUS-2 strongly neutralized HKU1 virus infection of HTBE cells, and mHKUS-3 

335 antibody also reduced HKU1 virus entry (Fig. 2A). None of the 4 other HKU1 S 

336 mAbs had virus neutralizing activity detected using IFA. 

337 To further evaluate the effect of the mAbs on HKU 1 virus entry and infection, we 

338 also used real time PCR to quantitate the yield of viral RNA from virions released 

339 from HTBE cells inoculated with mAb/virus mixtures. Released virus in apical 

340 washes was collected at 24hrs and 48hrs post-inoculation (pi), and viral RNA was 

341 extracted and quantitated by real time PCR. Figure 2B shows that mHKUS-2 antibody 

342 reduced the yield of RNA from virus released from HTBE cells by over 20,000-fold 

343 and over 2,000-fold relative to the no mAb control at 24hrs post-inoculation (pi) and 

344 at 48 hrs pi, respectively. By 24 hrs pi supernatant containing mHKUS-3 had reduced 

345 virus release by over 1,700-fold, but by 48 hr pi virus RNA in supernatant had 

346 increased significantly and was only about 10-fold less than the no antibody control. 

347 The mHKUS-4 antibody caused over 80-fold reduction on virus RNA release at 24 

348 hrs pi, but had no effect on virus RNA release by 48 hrs pi. Thus, although 

349 neutralization of HKU 1 virus infectivity by mAbs mHKUS-2, -3, and -4 was 

350 detectable at 24 hours, apparently small amounts of virus that escaped neutralization 

351 were able to “catch up” and spread through the cultures by 48 hours, most likely 
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352 because continuous presence of inhibitory antibody could not be sustained on the 

353 apical cell membrane, as it was maintained at an air/liquid interface. The mAbs 

354 mHKUS-1, -5, and -6 showed no virus neutralization activity at 24 or 48 hours pi (Fig. 

355 2B). 

356 To further evaluate the virus neutralizing activities of mAbs mHKUS-2, 3, and 4, 

357 we used purified mHKUS-2, 3, and 4 mAbs to determine the concentration of 

358 mHKUS-2 antibody required for effective inhibition of virus entry. Purified 

359 mHKUS-1 and mHKUS-5 antibodies at 100 pg/ml and mHKUS-4 antibody at lpg/ml, 

360 10 pg/ml, and 100 pg/ml did not block HKU1 virus entry and production compared to 

361 the no antibody control (Figs. 3Aand 3C). In contrast, HKU1 virus was completely 

362 neutralized by mHKUS-2 and mHKUS-3 antibodies at a concentration of lOOpg/ml 

363 (Fig. 3A and 3C), and virus RNA release at 24 hr and 48 hr r pi was below the level of 

364 detection (Fig. 3B and 3D). When antibody concentration of mHKUS-2 and 

365 mHKUS-3 was reduced to 10 pg/ml, a few sporadic infected cells were observed by 

366 IFA at 48 hrs pi (Fig. 3A), and at 24 hrs pi virus RNA release was below the limit of 

367 detection. However, mHKUS-2 antibody concentrations of 1 pg/ml and 0.1 pg/ml did 

368 not significantly reduce virus entry or release of viral RNA (Figs. 3A and 3B), 

369 mHKUS-3 antibody at a concentration of 1 pg/ml markedly reduced the release of 

370 viral RNA (Fig. 3C and 3D). These results indicate that antibody mHKUS-2 at a 

371 concentration of 10 pg/ml, but not at 1 pg/ml, can effectively neutralize HKU1 virus 

372 and block virus entry and release of virions, whereas antibody mHKUS-3 can 

373 effectively neutralize HKU1 virus at a concentration of 1 pg/ml. 
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374 Mapping the location of the neutralization epitopes of mHKUS-2 and 

375 mHKUS-3 mAbs. To determine where on HKU1 S protein the epitope recognized by 

376 neutralizing mAh mHKUS-2 is located, we engineered a series of plasmids that 

377 encode soluble, human Fc-tagged HKU1 S proteins with either N-terminal truncation 

378 (S295-755aa), C-terminal truncations (S14-755aa, S14-673aa, S14-534aa, S14-443aa, 

379 or S14-294aa), or both C and N terminal truncations (S310-673aa) (Fig. 4A). The 

380 sites selected for these N-terminal or C-terminal truncations were selected based on 

381 the alignment of HKU1 S protein with other CoV S proteins with known 

382 receptor-binding domains. All but two of the truncated HKU 1 S proteins were 

383 expressed well in 293T cells (Fig.4B). The S14-673aa protein and the S310-673aa 

384 proteins, were considerably less stable than the other truncated S proteins, so it was 

385 necessary to use 10-fold concentrated supernatants for Western blot and ELISA 

386 analysis (Fig.4B). 

387 Although all of the mAbs to HKU1 S recognized the full length HKU1 SI 

388 domain (S14-755aa) and the nearly full length SI domain, S14-673aa in ELISA (Fig. 

389 5), several mAbs behaved slightly differently. For example, although mHKUS-1 and 

390 mHKUS-6 bound similarly to S14-755, antibody mHKUS-1 bound to S14-673aa 

391 protein significantly better than mHKUS-6, (Fig 5A). These data suggest that the 

392 epitope recognized in S14-673aa may have a slightly different conformation than in 

393 S14-755aa. 

394 Only mAh mHKUS-1 bound to S14-534aa, suggesting that the epitopes for 

395 antibodies mHKUS-2 through mHKUS-6 are likely located between amino acids 535 
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396 and 673 of HKU1 S protein, and that the mHKUS-1 epitope likely lies between 

397 S14-534aa (Figure 5A). To further delineate the epitope recognized by mAh 

398 mHKUS-1, we tested its ability to recognize the smaller S14-443aa and S14-294aa 

399 truncated S proteins and found that mAh mHKUS-1 bound to both. Therefore, the 

400 epitope recognized by mHKUS-1 is likely located within S14-294aa, which contains 

401 the N-terminal domain (NTD) of |3-CoVs (Fig 5A). In support of this conclusion, 

402 mHKUS-1 showed minimal binding to S295-673aa and S295-755aa (Figure 5A). 

403 To compare the binding affinities of the mAbs to HKU 1 S proteins, we performed 

404 ELISAs using purified S14-294aa and S295-755aa proteins with purified mAbs. Fig. 

405 5B shows that only mHKUS-1 antibody recognized S14-294aa protein. Binding of 

406 mAh mHKUS-1 to S14-294aa was detected at 10 ng/ml, and signal gradually 

407 increased as antibody concentration increased, plateauing around 10 pg/ml. While 

408 mHKUS-2, 3, 4, 5, 6 MAbs did not bind to S14-294aa protein, all recognized the 

409 S295-755aa protein and their binding patterns were very similar, with binding 

410 detectable at 2.5 ng/ml and reaching a plateau at 40 ng/ml. 

411 Receptor blockade of HKU1 virus infection by truncated S proteins. Since 

412 the epitopes of mAbs mHKUS-2 and mHKUS-3, the HKU-1 virus neutralizang mAbs, 

413 mapped between amino acids 535 and 673, we reasoned that this most likely is part of 

414 the receptor-binding domain (RBD) located within the C-domain (S295-755aa) of the 

415 HKU 1 S protein. To test this hypothesis, S14-755aa-Fc (SI), S14-294aa-Fc (NTD) 

416 and S295-755aa-Fc (C-domain) proteins were purified and pre-incubated with HTBE 

417 cells to occupy the virus receptor on the cell surface. Because of its poor stability, we 
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418 did not test the S310-673aa protein. Pre-incubation of HTBE cells with Sl-Fc protein 

419 at 2.5 |iM significantly blocked HKU1 virus entry (Fig. 6A), and reduced virus 

420 release from cells by 31-fold at 24 hrs pi (Fig. 6B). Flowever, pre-incubation of the 

421 cells with purified NTD-Fc protein, at 3 |iM did not significantly reduce the number 

422 of cells infected by F1KU1 virus compared to the BSA control by IFA (Figs. 6A). In 

423 contrast, pre-incubation of F1TBE cells with the purified C-domain-Fc at 3 pM 

424 markedly decreased F1KU1 virus infection by IFA (Fig 6A), and reduced virus release 

425 by 25-fold and 360-fold at 24 and 48 hrs post-inoculation, respectively, compared to 

426 the BSA controls (Fig. 6B). The inhibition effect by C-domain protein was dose 

427 dependent since C-domain-Fc at 0.6 pM also showed inhibitory effect on F1KU1 virus 

428 entry (Fig. 6B). These results, together with the mapping of the virus neutralizing 

429 mAbs to the C-domain, strongly suggest that the F1KU1 RBD is located within the 

430 C-domain of the F1KU1 S protein, likely between amino acids 535 and 673. 

431 
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432 

433 DISCUSSION 

434 Membrane fusion mediated by class-I viral fusion proteins is the complex 

435 processes involving transition from the metastable pre-fusion state to the six helical 

436 bundle post-fusion state. The receptor binding and/or pH change act as the trigger to 

437 release the restrain of this cascade. Most coronaviruses use the C-domains of their S 

438 proteins to bind to their respective receptors and trigger this fusion (Fig. 7). All of the 

439 known RBDs of a-CoVs are located within the C-domain, although NTDs of S 

440 protein of some a-CoVs bind sugar (Fig. 7A). The RBDs of SARS CoV, a group B 

441 (3-CoV, and MERS CoV, a group C (3-CoV, are also located within the C-domain (20, 

442 21, 42). In contrast, all known (5-CoVs in group Ause their NTDs to bind protein 

443 receptors or sugars (Fig. 7) (43, 44). Despite the fact that the MHV NTD folds like a 

444 galectin, it has evolved to bind mCEACAMla. Although their protein receptor 

445 remains to be determined, the galectin-like fold NTDs of BCoV and OC43 bind to 

446 9-O-acetyl sialic acid, which is essential for virus attachment (27, 45). 

447 Surprisingly, we found that HKU1 virus, another member of (3-CoV in group A, 

448 uses its C-domain, not NTD, to engage with its yet-to-be-identified receptor. To our 

449 knowledge, this is the first study demonstrating that the RBD of the HKU 1 S protein 

450 is located within the C-domain. Truncated HKU 1 S protein with C-domain, not NTD, 

451 effectively reduced HKU 1 virus infection on HTBE cells. Despite the fact that the 

452 NTD of group A (3-CoV HKU1 is highly homologous to the NTDs of MHV, OC43, 

453 and BCoV, its biological activity appears to be strikingly different from the NTDs of 

454 these related viruses. The purified HKU 1 NTD neither binds to sugar (43) nor human 
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455 CEACAMs (data not shown), and the NTD does not inhibit HKU1 virus entry (Fig. 6). 

456 Failure of HKU1 NTD to bind a sugar or protein receptor is particular intriguing, 

457 since several critical sugar-interacting residues (Y162, E182, W184, and FU85) in 

458 BCoV’s NTD are conserved in HKU1 ’s NTD (Fig. 7B) (44) . In addition, NTD of 

459 MHV binding to mCEACAMla is necessary and sufficient for membrane fusion (19, 

460 43, 46, 47), indicating that binding of receptor by NTD of a group A (3-CoV can 

461 trigger the membrane fusion cascade. Thus, two |3-CoVs in group A, F1KU1 and MF1V, 

462 have evolved to use different regions of their spike glycoproteins to recognize their 

463 respective receptor proteins and trigger the conformational changes of S protein 

464 leading to membrane fusion. This is a new example of the modular nature of the spike 

465 proteins of CoVs (29, 48), in which binding and entry of two CoVs in the same group 

466 are initiated by different regions of the spike glycoprotein. The exact mechanism of 

467 how these two different domains trigger the membrane fusion requires further 

468 investigation. 

469 Interestingly, five of the six monoclonal antibodies bound the C-domain, while 

470 only one, mHKUS-1, recognized NTD. These results indicate that C-domain is highly 

471 immunogenic. Further epitope mapping revealed that the epitopes of all five 

472 C-domain antibodies are located within amino acids 535 to 673 (Fig5), suggesting 

473 that this region is immunodominant. We also found that two of these antibodies were 

474 able to inhibit infection of HKU 1 viruses, effectively indicating that this region (aa 

475 535-673) contains neutralizing epitopes. Within certain domains, the HKU1 spike 

476 glycoprotein displays remarkable sequence homology to other betacoronavirus (Fig. 
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477 7B). Of note, within our mapped neutralizing HKU1 spike epitope (aa 535-673), 

478 amino acids sequences of 535 to 551, 573 to 583, 587 to 609, and 613 to 673of HKU1 

479 S protein are almost identical to either BCoV or MHV S protein. Since none of our 

480 HKU1 antibodies cross-reacted with MHV or BCoV S proteins (Table 1), this 

481 indicates that the neutralizing HKU1 epitope likely lies in the highly diverse region 

482 encompassing amino acids 552 to 572, 584 to 586, and/or 610 to 612. For many 

483 enveloped viruses, highly immunogenic and neutralization epitopes are often located 

484 in or around the viral RBD (49-51). Therefore, we propose that amino acids 535 to 

485 673, and possibly amino acids 552 to 572, 584 to 586, and 610 to 612, of the HKU1 

486 spike protein contain the RBD. Of note, the receptor binding motifs of many viral 

487 spike proteins are comprised of residues that are spatial close but largely separated in 

488 primary sequence (20, 21). Our neutralizing antibodies, mHKUS-2 and mHKUS-3, 

489 does not recognize denatured C-domain truncated S protein well, indicating that the 

490 neutralizing epitope is likely conformational dependent. Thus, the RBD of HKU 1 S 

491 protein may contain residues outside of this proposed region, potentially within the 

492 highly variable regions encompassing amino acids 451 to 457, 463 to 472, 477 to 494, 

493 502 to 521, and/or 527 to 532. 

494 Phylogenetically, there are three genotypes of HKU 1 viruses (A, B, and C) 

495 resulting from viral recombination events (52). Although S proteins from these 

496 genotypes are highly conserved, there are noticeable differences between genotype A 

497 and genotype B or C, which are identical. In particular, the sequences encompassing 

498 amino acid 558 and 568 (amino acid number from HKU 1 S protein clade A) of S 
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499 proteins are markedly different between genotypes A and B/C. Because of these 

500 differences, it will be important to determine whether our neutralizing antibodies also 

501 neutralize HKU1 viruses from genotype B/C, and whether any of our monoclonal 

502 antibodies can differentiate these genotypes in IFA and ELISA for diagnostic purposes. 

503 Unfortunately, lack of genotype B or C isolates hindered our ability to investigate 

504 these differences. 

505 

506 In summary, using a panel of HKU 1 S protein specific mAbs, we identified the 

507 C-domain as the locus of epitopes recognized by two HKU 1 neutralizing mAbs and 

508 showed that the soluble C-domain can induce receptor blockade resulting in inhibition 

509 of HKU 1 infection. These data demonstrate that the RBD of HKU 1 is located within 

510 the C-domain of the S protein, likely between amino acids 547 to 573. These results 

511 highlight that several (5-CoVs in group A have evolved to use different regions of their 

512 spike glycoproteins to recognize their respective receptors. These findings will aid 

513 studies of HKU 1 virus pathogenesis and receptor discovery, and facilitate 

514 development of new models for )3-CoV evolution. 

515 


25 


D 

o 


cfWology JVI Journal of Virology Accepted MdnUSCfTpf Posted OfTlme 


516 

517 Table legend 

518 Tablel. Summary of IFA, western blot, ELISA, and HKU1 virus neutralization studies 

519 of mouse monoclonal antibodies to HKU1 S glycoprotein. IFA: ++++, indicates 

520 percentage of viral antigen-positive cells equal to or greater than 20%; +++, 

521 percentage between 10-20%; ++, percentage between 5-10%; +, percentage between 

522 1-5%; -, no positive cells. HKU1 S, MHV S, SARS S, and MERS S: cells were 

523 transduced with plasmids encoding the membrane anchored S proteins of these 

524 viruses; SARS, MF1V, BCoV, 229E, and NL63 infection: cells expressing the 

525 appropriate virus receptor proteins were infected with each of these viruses. Western 

526 blot: ++++, very strong signal; +, weak signal; -, no signal. ELISA: ++++, positive 

527 signal at 1:4096 dilution of mAh or further; +, positive signal from undiluted or 1:4 

528 dilution of hybridoma supernatant. -, no signal with undiluted hybridoma supernatant. 

529 Neutralization: ++++, greater than 100-fold inhibition of HKU 1 virus infection 

530 corresponding to amount of viral RNA detected by real time PCR in released virus at 

531 48 hrs pi; +++, 10-to 100-fold inhibition; ++, 5-to 10 fold inhibition; +, 2-5-fold 

532 inhibition; -, no inhibition. 

533 

534 Figure legends 

535 Figure 1. Binding of mouse monoclonal antibodies to FUCU 1 S . (A) IFA. HER 293T 

536 cells expressing HKU1 S protein were fixed and stained with indicated mAbs 

537 (undiluted hybridoma supernatants), followed with FITC conjugated goat anti-mouse 

538 IgG. Concentration of antibody in each undiluted hybridoma supernatant: mHKUS-1, 
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539 25 pg/ml; mHKUS-2, 6.0 pg/ml; mHKUS-3, 4.0 pg/ml; mHKUS-4, 12.4 pg/ml; 

540 mHKUS-5, 25 pg/ml; mHKUS-6, 6.8 pg/ml. Experiment was repeated at least 3 times. 

541 (B) Western blot analysis. Lane 1, 1 pg of purified Fc-tagged S14-294aa protein; lane 

542 2, 1 pg of purified Fc-tagged S295-755aa protein. The blots were probed with either 

543 F1RP conjugated goat anti-human IgG or indicated mAbs (undiluted hybridoma 

544 supernatants), followed with F1RP conjugated goat anti mouse IgG. Experiments were 

545 done twice. 

546 

547 Figure 2. Inhibition of HKU1 virus entry by mouse mAbs to HKU1 S protein. The 

548 HKU 1 virus was incubated with either human Ivlg (10 mg/ml) or undiluted 

549 hybridoma supernatants of indicated mouse mAbs for 30 min at 37°C, then 

550 virus-antibody mixture were incubated on apical surfaces of differentiated HTBE cells 

551 for 4hrs. After removing the inocula, cells were washed, then incubated for another 

552 48hrs. Infected cells were detected by IFA with polyclonal rabbit 1814 anti-HKUl S 

553 antibody (A), and RNA from released viruses from apical washes at 24 and 48 hrs 

554 post-inoculation were analyzed by real time PCR (B). No Ab, 1% BSA but no 

555 antibody; Ivlg, human Ivlg at 10 mg/ml; mHKUS-1 to -6, hybridoma supernatants 

556 antibody. ND, not detected. *, P<0.05. Experiments were done at least twice, one 

557 representative is shown. 

558 

559 Figure 3. Dose-dependent inhibition of HKU 1 virus entry by antibodies mHKUS-2 

560 and mHKUS-3. Inhibition experiments were performed the same as in Fig.2 using 
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561 given amount of purified antibodies. (A) and (C) IFA; (B) and (D) Real time PCR 

562 analysis. (A) and (B), viruses from passage 1; (C) and (D) viruses from passage 3. No 

563 antibody, 1% BSA but no antibody; mHKUS-1 and mHKUS-5served as negative 

564 controls at concentrations of 100 pg/ml. Experiments were repeated at least twice and 

565 one representative is shown. ND, not detected. 

566 

567 Figure 4. Western blot analysis of N-, C-, or both terminal truncations of F1KU1 S 

568 proteins. (A) Schematic diagram of N-, C-, or both terminal truncations of F1KU1 S 

569 proteins. The truncated proteins with C-terminal Fc tags were purified and detected by 

570 FIRP-conjugated goat anti-human IgG. The amino acid positions are indicated relative 

571 to wild-type F1KU1 S protein. NTD, N-terminal domain; CTD, C-terminal domain; 

572 TM, transmembrane domain; linker GGGGS, flexible linker gly-gly-gly-gly-ser; 

573 FLAG tag, DYKDDDDK. (B) Western blot analysis of truncated F1KU1 S protein 

574 expression. Truncated protein was separated in a 4-15% SDS-PAGE and transferred 

575 to nitrocellulose membranes. The blots were probed with F1RP conjugated goat 

576 anti-human IgG antibody. Lane 1, S14-755; lane 2, S14-673; lane 3, S14-534; lane 4, 

577 S14-443; lane 5, S14-294; lane 6, S295-755; lane 7, S310-673; lane 8, mock 

578 transfected control. Lanes 1-6 were blotted with undiluted hybridoma supernatants, 

579 lane 7 was blotted with a 10-fold concentrated hybridoma supernatant. Experiments 

580 were done three times and one representative is shown. 

581 

582 Figure 5. Mapping of epitopes of mAbs to HKU1 S protein. (A) ELISAs were 

28 


D 

o 


cfWology JVI Journal of Virology Accepted MdnUSCfTpf Posted OfTlme 


583 performed using supernatant containing indicated proteins. Ctrl Ab, negative control 

584 antibody; 2 nd Ab control, no primary antibody but with 2 nd Ab. Experiments were 

585 done twice and one representative is shown. (B) ELISAs were performed using 

586 purified proteins and purified antibodies. The experiments were done twice and one 

587 representative is shown. 

588 

589 Figure 6. Inhibition of F1KU1 virus entry by CTD of HKU1 S protein. Differentiated 

590 HTBE cells were incubated with indicated amount of SI, NTD, or CTD proteins at 

591 37°C for 1 hr. HKU1 viruses were diluted into the same amount of proteins and added 

592 onto the HTBE cells for 4 hrs. After wash, cells were fixed and stained with 

593 polyclonal rabbit anti HKU 1 S antibodies at 48 hrs post-inoculation (A), and released 

594 viruses from apical wash at 4hrs, 24, and 48 hrs of post-inoculation were analyzed by 

595 real time PCR (B). ND, not detected. 

596 

597 Figure 7. Coronavirus spike proteins. A. Digram of coronavirus spike proteins. NTD, 

598 indicates N-terminal domain; HRN, N-terminal heptad repeat; HRC, C-terminal 

599 heptad repeat. Group indicates the CoV genus and group. B. Amino acid sequence 

600 alignment of SI subunits of different betacoronaviruses. The letters with a red line 

601 underneath and red arrow pointing to are the contacting residues of MHV S protein 

602 with mouse CEACAMla, while the letters with a black line underneath and black 

603 arrow pointing to are the sugar binding residues of BCoV S protein. The similarity of 

604 S1 among group A betacoroanviruses is about 71.9%, whereas the similarity of S1 
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605 among different group betacornaviruses is about 29.4%. 

606 
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Tablel. Summary of IFA, western blot, ELISA, and HKU1 virus neutralization studies of 
mouse monoclonal antibodies to HKU1 S glycoprotein. 
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IFA: ++++, indicates percentage of viral antigen-positive cells equal to or greater than 20%; 

+++, percentage between 10-20%; 

++, percentage between 5-10%; 

+, percentage between 1-5%; -, no positive cells. 

HKU1 S, MFIV S, SARS S, and MERS S: cells were transduced with plasmids encoding the 
membrane anchored S proteins of these viruses; 

SARS, MFIV, BCoV, 229E, and NL63 infection: cells expressing the appropriate virus 
receptor proteins were infected with indicated virus. 


Western blot: ++++, very strong signal; +++, strong signal; ++ weak signal; 

+, very weak signal; -, no signal. 

ELISA: ++++, positive signal at 1:4096 dilution of mAb or further; 

+++, positive signal at dilution between 1:256 to 1:4096 
++, positive signal at dilution between 1:4 to 1:256 

+, positive signal from undiluted or 1:4 dilution of hybridoma supernatant, 
no signal with undiluted hybridoma supernatant. 

Neutralization:++++, greater than 100-fold inhibition of HKU1 virus infection 
corresponding to amount of viral RNA detected by real time PCR in released virus at 48 hrs pi; 
+++, 10-to 100-fold inhibition; ++, 5-to 10 fold inhibition; +, 2-5-fold inhibition; -, no inhibition. 
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